In recent years, significant progress in high pressure macromolecular crystallography has been observed. It can be attributed both to the developments in experimental techniques, as well as to recognition of importance of high pressure protein studies in biochemistry and biophysics. The number of protein structures determined at pressure up to 1 GPa is growing. The unique advantages of this method can greatly improve the investigation of higher energy conformers of functional significance and our understandingoffunctionallyimportantconformers,proteinfoldingprocessesandthestructuralbaseofconformationaldiseases.
Introduction
Pressure is an important environmental parameter that is widely used to study physicochemical aspects of proteins because of its unique influence on biological systems. Various methods used in modern bioscience, including NMR, Raman and infrared spectroscopy, were rather easily adapted to the high pressure technique used within the last decades [1] . Despite its great importance, the information that can be accessed from the studies of proteins in solution still lacks the high resolution structural details that are provided by X-ray crystallography. Therefore, it was challenging to combine this powerful structural method with high pressure perturbation. Structural studies under high pressure provide information about pressure influence on materials important in science [2, 3] and technology [4] . High-pressure diffraction is a tool widely used in geoscience in order to understand the deep interior of the Earth and other planets [5, 6] . In material science, high pressure experiments are employed to study superconductive substances [7, 8] , super-hard materials [9, 10] , molecular crystals [11] pigments and energetic materials [12] . High pressure crystallography is also exploited in pharmaceutical science to search and examine different polymorphic forms of drugs [13] .
Protein crystallography had to wait until 1987 to collect the first diffraction image of protein crystal under high pressure. This pioneering experiment was performed for crystal of hen egg-white lysozyme, which was loaded into a beryllium cell and compressed to 100 MPa [14] . Since then, equipment, methodology of experiments, and X-ray radiation sources have dramatically progressed which allowed high HPMX to reach the usual standards of today's X-ray diffraction experiments [15] . While only a few high pressure macromolecular structures have been successfully determined, the results of those studies revealed the potential importance of this method for current structural biology. HPMX is now at a stage where crystals of short chains of DNA [16] , proteins and large biological assemblies such as viruses [17, 18] can be compressed in order of hundreds of MPa 1 . This paper briefly describes the effect of pressure on the structure and dynamics of macromolecules, mainly proteins, within the framework of HPMX. The influence of pressure on proteins, technical aspects of high pressure diffraction data collection, latest achievements and the future of HPMX will be discussed. 
Influence of pressure on proteins
The effect of pressure on biological systems can be described by the changes in Gibbs free energy ΔG and the accompanying changes in the system volume ΔV (Eq. 1).
d(ΔG)= ΔSdT+ΔVdp (Eq. 1)
According to Le Chatelier's principle, application of hydrostatic pressure shifts the equilibrium of any physical system towards the state that occupies a smaller volume. The structural response of the protein to pressure, can be elastic or plastic. The elastic (reversible) effect preserves secondary structure and can be described by changes in bond length, hydration and cavity size. The plastic or conformational protein response for the increased pressure is in most cases irreversible. Plastic effect can be described as cooperative change in the secondary structure that leads to conformational change, unfolding or denaturation.
Compressibility of the protein molecule
Protein compressibility is defined as the relative change in the partial molar volume with pressure (Eq. 2).
Contributions to the partial molar volume of proteins are: the intrinsic volumes of atoms, the cavities that result from the imperfect packing of amino acids in the protein interior and the volume that results from the hydration of amino acid residues ( Figure 1) .
The compressibility of amino acids in an aqueous solution is negative, whereas the protein in the native state is positive. Secondary structures, such as α-helices and β-sheets, have relatively low compressibility. The compressibility is an important thermodynamic quantity because of its relation to volume fluctuations (Eq. 3)
where k B is the Boltzman constant. Since volume fluctuations are proportional to the isothermal compressibility, changes in the compressibility reflect changes in the dynamic behavior of the proteins.
Fluctuations and conformers
Identifying and studying the functionally relevant conformational substates of proteins is not straightforward, mostly because of the low fractional populations of such states. A protein in solution equilibrates among multiple ensembles including native conformer (N) and locally unfolded intermediates (I) that differ in free energy (ΔG = G I -G N ) and partial molar volume (ΔV = V I -V N ). The equilibrium constant K between N and I is related to free energy difference (Eq. 4)
where under an isothermal compression (Eq. 5)
where ΔG, ΔG 0 , ΔV and Δβ are free energy, partial molar volume and compressibility changes from N to I at pressure p and p 0 (1 bar), respectively. The change of compressibility within the pressure range, for which experiments are normally performed, is very small for most globular proteins thus the free energy difference ΔG between two conformers depends linearly on ΔV 0 (p -p 0 ) term. If pressure increases, negative change of ΔV 0 shifts equilibrium between conformers towards a lower-volume ensemble. Usually for globular proteins in an aqueous environment, unfolded protein has a lower molar volume due to loss of cavities, increased hydration and electrostriction.
By displacing the equilibrium toward more compact ensembles, pressure can be used substantially to increase the population of higher energy conformers [19] . A variety of techniques are used to study the structures and dynamics of those conformers. While standard crystallographic experiments only give the structure that reflects an average structure of conformers present in the crystal, the crystallography at high pressure conditions has the ability to determine the structure of the higher energy conformers as substates preceding unfolded states.
Effect of pressure on interactions and protein structure
Under high pressure, the protein structure starts to favor states that exhibit a smaller specific volume, lower degree of order and more hydration. The primary protein structure is generally unaffected by pressure at room temperature since it is maintained by covalent bonds, while the secondary, tertiary and quaternary structures, depending on weak interactions, are strongly affected by high pressure [20] . Electrostatic interactions are weakened at elevated pressure due to electrostriction. Hydrogen bonds, as well as stacking of aromatic residues, are stabilized by high pressure, whereas hydrophobic interactions, which are the most important weak interactions for protein stabilization, are unfavorably affected by pressure [21] .
The changes in protein structure and functionality are proportional to the magnitude of the pressure. The dissociation of oligomeric proteins by moderate hydrostatic pressure (commonly 200-300 MPa) is a general phenomenon observed in molecules ranging from dimers to large multi-subunit structures. The pressure promotes dissociation by negative volume changes resulting from the disruption of polar and ionic bonds in the inter-subunit region. There are many examples of pressure-induced oligomer dissociation: enolase [22] , invertase [23] , b-amylase [24] and tropomyosin [25] . Pressure above 500 MPa may produce irreversible effects, including the unfolding of monomeric proteins [26] . The pressure at which protein can be investigated in an aqueous solution is limited by the solidification of ice to 1.4 GPa, although additives such as MPD may displace this point to at least 2 GPa.
High pressure research in modern bioscience

Influence of pressure on enzymatic reactions
At the molecular level, high hydrostatic pressure can change an enzyme's catalytic cluster, intra-and intermolecular interactions, conformation and hydration [27] . This means that pressure perturbs both the catalytic activity and the protein structure of enzymes. In the past few years many enzymes were studied under high hydrostatic pressure. For example: human plasma butyrylcholinesterase [28] , cytochrome-to-cytochrome electron-transfer [29] , thermolysin [30] , chymotrypsin [31] , malic dehydrogenase [32] and carboxypeptidase Y [33] . The effect of pressure on enzyme kinetics depends on the conformation of the transition states involved in the reaction mechanism. In contrast to low temperature, which always has a decelerating effect, high pressure can increase or decrease reaction rates depending on the type of chemical interactions. For example, in enolase, moderate pressure decreases enzymatic activity while a higher range of pressure causes dissociation of the enolase dimer [34] .
High pressure food processing
High pressure is used for 'cold' pressurization during food preservation as a non-thermal technique to inactivate food-borne pathogens and spoilage-causing organisms [35] . After pressure treatment of microorganisms, the nuclear membranes, lyzosomes and vacuoles undergo significant disruption, in addition to a small amount of damage to cell membranes and cell walls [36] . High pressure is also used in food science as a factor that induces gelation. Research in those fields is mainly focused on gelation of b-lactoglobulin, a protein of interest within the food industry [37] .
Studies of aggregation and amyloids under high pressure
Under specific conditions, proteins can form insoluble aggregates, amyloids and plaques. To understand the mechanism of these processes, detailed investigation of partly unfolded protein states is of great importance. To achieve this goal, pressure that perturbs equilibrium between the native and unfolded protein states can be used. Studies of pressure unfolding and aggregation were performed for proteins that under physiological conditions do not form aggregates, including met-myoglobin [38] , insulin [39] and lysozyme [40] . Additionally, since protein aggregation is an important problem for human health, different proteins related to conformational diseases are also under active investigation. Among these proteins, prion protein [41] , transthyretin [42] , α-synuclein [43] and ataxin-3 [44] can be mentioned. High pressure was shown to form the alternative partially unfolded forms of the proteins that have a high aggregation propensity [45] . This process was observed for prion, recombinant PrP, which can be converted to misfolded conformers after treatment with high pressure [46] . High pressure refolding is also being commercially utilized in the large-scale production of protein therapeutics [35] .
High pressure macromolecular crystallography
Protein crystals
Water-protein interactions are essential in maintaining the structural stability and integrity of biologically active macromolecules. The protein molecules in crystals are loosely packed and large spaces between molecules are filled with solvent [47] . In macromolecular crystals solvent content ranges between 20-80% and acts as a pressure medium that transmits the compression. This unique feature of protein crystals is exploited in high pressure protein crystallography. It was observed that protein molecules in a crystalline state may be more resistant to pressure-induced denaturation. For example, hen-egg white lysozyme denaturates above 500 MPa in solution, whereas the orthorhombic crystals of HEWL still diffract at 1.0 GPa [48] .
Protein crystallization under high pressure
High hydrostatic pressure is a parameter that can be used to control protein crystallization. A few macromolecular crystallization studies under high pressure have been reported in the last several years [49, 50] .
Crystallographic experiments were performed both in a standard aqueous solution [51] and in a gellated media [52] . Pressure has different influences on the proteins solubility, for example, lysozyme solubility decreases with pressure, [53] while the solubility of subtilisin increases with pressure [54] . The analysis of the effects of pressure on the nucleation and rate of crystallization also gave a variety of results according to the protein under study [50] . It was reported that increased pressure during crystal growth does not introduce defects in crystal lattice [55] . The addition of agarose gel during high pressure crystallization even improved the crystal quality by decreasing its mosaicity [53] . This method of crystallization can be used for obtaining crystals of unstable intermediates or proteins that contain floppy domains or flexible loops.
Diamond anvil cell
Before the diamond anvil cell developed the existing appearance, a number of improvements had to be introduced. The diamond anvil cell was invented in 1958 almost simultaneously by workers at the National Bureau of Standards in Washington, D.C., and at the University of Chicago [56] . The instrument, developed initially for infrared spectroscopy, was modified in 1960 by Charles E. Weir and Gasper J. Piermarini for X-ray powder diffraction studies. In 1962, Alvin Van Valkenburg developed a gasket method to confine liquids in the DAC by placing a thin metal sheet containing a small hole with the liquid between the anvil faces [57] . The first DACs allowed for pressure generation up to 200 MPa.
Modern DACs, used mostly in geological research can generate pressure up to 350 GPa. Various types of DAC's derived from the original design are optimized for the measurement technique, sample requirements and other thermodynamical conditions (low or high temperature). Briefly, diamond anvil cells used in HPMX consist of steal corpus, support plates, two opposing diamonds and a metal gasket. Diamonds and the gasket form the chamber in which the sample is immersed in hydrostatic medium. The sample is compressed due to the squeezing of the chamber between the diamond's culets ( Figure 2) . Different thrust-generating mechanisms are used: lever-arm [56] , 2-, 3-or 4-screws and gliding bolts [58] , double lever [59] or inflatable membrane in DACs of cylinder-piston type [60, 61] . By increasing the thrust, the volume of the chamber which is filled with an invariant quantity of matter, decreases gradually with increasing pressure. DAC diamond anvils are polished from singlecrystal stones of high quality with little defects. Typical diamonds are 16-sided standard-cut or beveled-cut stones 1.5-2.7 mm height, with a large face having a diameter of 4 mm and culet of variable diameter up to 0.9 mm. Diamonds for X-ray experiments should have the highest level of impurity and lowest birefringence. The diamonds are usually fixed to the beryllium or metal support discs by glue.
The gasket is a metallic (copper, Inconel, aluminum, stainless steal, rhenium, tungsten, brass) foil, with a typical thickness of 0.1-0.25 mm, placed between two diamonds ( Figure 3A) . The sample chamber is made by drilling a cylindrical hole with a diameter 0.3-0.45 mm in a gasket. Before use, the gasket must be preindented. The final chamber must be large enough and adjusted to the typical dimensions of the studied protein crystals. The dimension of the gasket hole decreases after compressing.
The pressure is transmitted into the chamber uniformly through a pressure medium. In the case of protein crystals, the mother liquor crystallization solution is used as a pressure medium. Pressure inside the DAC must be monitored and kept constant during data collection. The common standard to monitor pressure is a ruby. The shift of fluorescence line R 1 (R 1 = 694.25 nm) is proportional to the pressure in MPa according to equation (Eq. 6) were Δl is given in Å [62] . P= 274× Δl (Eq. 6)
Sample loading
The protein crystals must be moved from the crystallization drop to the chamber quickly in order to prevent crystal drying. Because protein crystal is stable at a specific composition of the crystallization solution (buffer concentration, pH, salt contents, organic additives) the most frequently used solution is the crystallization mother liquor. Since pressure changes the solubility of all substances present in the pressure medium, it is possible that crystals of salts will form under high pressure ( Figure 3B ). Salt crystals help to immobilize the protein crystal inside the DAC, but can obscure the ruby calibrant and are a source of additional reflections on diffraction images. An important advantage of using DACs is the fact that the sample is visible, which allows for centering the crystal on the goniometer and examining sample behavior during measurements ( Figure 3C ). DACs also enable the performance of spectroscopic experiments.
Immobilization of the crystal
The simplest way to immobilize protein crystal inside the DAC is to fit its size to a compression chamber. For smaller crystals, other methods were proposed. Katrusiak and Dauter were using cotton wool fiber to prevent movements of the protein crystals inside the chamber [48] . Fourme and coworkers developed special splinters made of low absorbing borone nitride in order to control the crystal orientation [63] . The additional advantage of using splinters is the immobilization of the sample. The same goal can be obtained by using the diamond chips which are introduced into the chamber with the protein crystals [16] . An alternative way of crystal immobilization is through the use of gels. The crystals can be crystallized from the gelled media and transferred with tenuous gel into the DAC.
Data collection
In high pressure X-ray diffraction experiments the major sources of systematic errors are absorption and extinction by diamonds and beryllium discs. Absorption of the reflected beam must be either very small or accurately corrected for each reflection. Another critical aspect of high pressure data collection is the limited aperture of the DAC that affects the maximum resolution. For DAC with an opening angle of 60º oriented perpendicular to the beam, the maximum resolution for Cu radiation is 2.97 Å, while for Mo the source is 1.37 Å (Figure 4) . Fourme and co-workers developed the secondgeneration DAC with a useful aperture of 62º and the third-generation DAC with a useful aperture of 82º. Larger aperture results from the conical mount of the diamonds [16] . Due to the limited aperture of the DAC, only crystals of high symmetry can be measured for a high completeness data set. For crystals of low symmetry it is necessary to collect data for several differently oriented ones and combine the data. In such cases the use of splinters or diamond chips, that help change the sample crystal orientation, is prerequisited.The signifcant progress in HPMX recently achieved can be mainly attributed to continuing experiments performed by research groups at SOLEIL and ESRF synchrotrons. At the ESRF (European Synchrotron Radiation Facility) ID30 and ID27 beamlines dedicated for high pressure macromolecular crystallography, scientists can utilize the purposelymodified DACs, equipment for pressure determination, ultra-short wavelength radiation from a pair of undulators and large imaging plate detector. The ESRF research group proved that the most useful wavelength range for high pressure experiments is 0.3-0.4 Å [15] . Use of this ultra-short wavelength range helps in collecting higher resolution data, and overcoming the aperture limitation of DAC, and reducing systematic errors due to absorption and extinction and signal-to-background ratio.
Various improvements have been made in order to satisfy technical difficulties of HPMX, however, for such an experiment some specific problems must be considered:
(1) protein crystal must be mounted in buffer in the presence of precipitant (2) the crystal must remain visible for centering (3) protein crystals are fragile (4) the crystal must be immobilized inside the DAC (5) pressure must be monitored and kept constant during data collection (6) resolution and completeness are limited due to DAC aperture (7) short wavelength is necessary for high resolution data (8) absorption of X-rays must be accurately corrected for each reflection (9) high completeness is difficult to obtain for low symmetry crystals (10) cryocooling is not possible 
High pressure protein crystal structures
Historically, crystallographic research on the influence of high pressure on protein structures was initiated in 1987 by Kundrot and Richards [14] . High pressure studies were performed for crystals of tetragonal hen egg-white lysozyme (P4 3 2 1 2) using beryllium cell. Those pioneering experiments revealed that the compression of the unit cell of HEWL crystals was anisotropic. The decrease in volume of the unit cell for the high pressure structure when compared to the ambient pressure structure was equal 1.1%. The volume compressibility of HEWL crystals at 100 MPa was determined to be 0.47 MPa , while the domain composed of b sheets was almost incompressible. The HEWL structure determined at 100 MPa revealed that mostly helices were deformed under high hydrostatic pressure.
A modified Kundrot-Richards-type beryllium cell was also used in experiments with P2 1 crystals of sperm whale myoglobin [64] for which the high pressure structure was determined at 150 MPa with a resolution of 2.3 Å. The most prominent change was a shift observed for one of the helices and displacement of the loops. Those small changes were attributed to the structural changes in the myoglobin molecule occurring during ligand binding.
Preliminary studies using a beryllium cell were also performed for the small monomeric protein, Staphyloccocal nuclease, by Ekstrom [65] . The description of this experiment was presented as a conference communication but complete results have not been published since.
Another contribution to HPMX was made by Sol M. Gruner's research group.with results obtained by the use of a beryllium cell. The crystal structure of the cavity containing mutant L99A T4 lysozyme was determined at four different pressures with resolution up to 2.1 Å [66, 67] . Crystals of symmetry P3 2 21 were compressed to pressure 10, 100, 150 and 200 MPa. The small but significant changes included displacement of the a/b N-terminal domain relative to the C-terminal domain and the deformation of one helix. The most important result which has direct implications for the mechanism of protein pressure unfolding was the presence of water molecules inside the main cavity. This result supported the idea that collapsed intermediate states in protein folding might be hydrated internally.
In 1996, Katrusiak and Dauter used the diamond anvil cell for high pressure protein crystallographic measurements for the first time [48] . The experiments were performed for hen egg white lysozyme and proved that DAC can be successfully used to collect high pressure protein data. On the basis of changes in unit cell parameters researchers were able to determine the volume compressibility of HEWL crystals. They determined the volume compressibility for the orthorhombic HEWL (P2 1 2 1 2 1 ) crystals 170 MPa -1 from 0.1 MPa to 400 MPa, and 150 MPa -1 at higher pressure. The tetragonal HEWL polymorph (P4 3 2 1 2) pressurized above 400 MPa gave no diffraction pattern. Another interesting result was the finding that the compressibility of tetragonal HEWL is about two-thirds of the compressibility of orthorhombic HEWL.
In subsequent experiments made by Fourme et al. using wavelength 0.3738 Å, a high-completeness (93%) data set was obtained for two tetragonal HEWL (P4 3 2 1 2) crystals at 700 MPa with resolution 1.6 Å [68] . The difference between 0.1 MPa (ambient pressure) and 700 MPa (high pressure) structures could be explained by the more compact packing of the HP structure. The determined compressibility was 0.98 MPa . Changes to the lysozyme molecule were generally small and an average B-factor was slightly reduced in the HP structure in comparison to the ambient pressure structure. The preservation of crystalline order was observed up to 820 MPa, beyond that pressure lysozyme molecules denaturated. A detailed structural analysis of three refined HEWL structures (at pressure 300, 580 and 690 MPa) were not published.
In the same paper, experiments for bovine Cu, Zn superoxide dismutase (SOD) were reported. A HPMX structure of orthorhombic crystals (P2 1 2 1 2 1 ) of the oxidised form of the protein was determined using a diamond anvil cell and ultra-short wavelength X-rays (l=0.3738 Å) with resolution 2.0 Å and high completeness at 570 MPa [16, 68] . The effects of pressure on different regions of the protein molecule were derived from the comparison of high pressure oxidized Cu, Zn SOD structure to the oxidized and reduced structures determined at atmospheric pressure. High pressure X-ray diffraction studies showed that the secondary and tertiary structures of this dimeric enzyme were preserved well beyond 1.2 GPa at room temperature.
The next achievement in HPMX development was the collection of high pressure diffraction data for complex molecular assembly. Fourme and coworkers successfully studied the cowpea mosaic virus (CPMV) crystals by X-ray diffraction at high pressure [69, 70] . At atmospheric pressure, most cubic CPMV crystals feature an orientation disorder of viral capsid, so the resolution of the diffraction pattern was limited. An increased pressure at constant temperature restored a perfect order in all crystals, so that at high pressure, high resolution was obtained. A high completeness data set at 2.8 Å resolution was collected from 8 cubic crystals compressed at 330 MPa. CPMV crystals did not diffract above 440 MPa. Subtle pressure-induced changes in virus structure were reported: decrease of internal cavity volume, shortening of an average hydrogen bond length and increase of the number of ordered water molecules.
The crystal structure of ureate oxidase from Aspergillus flavus complexed with its potent inhibitor 8-azaxanthin was determined in order to investigate the influence of high pressure on dissociation of homotetrameric enzyme [71] . Orthorhombic (symmetry I222, one monomer per asymmetric unit) crystals were loaded into DAC and pressurized up to 140 MPa. The comparison of the structure determined at 140 MPa to the reference structure determined at ambient pressure revealed the reduction of cavity volume (-24%), the overall reduction of buried areas (-0.9%) and increased compactness of packing. Individual and overall B-factors for protein atoms were higher at high pressure. Authors stressed that all changes observed in this enzyme after increasing pressure reflect the onset of the dissociation of ureate oxidase tetramers.
The latest investigation was performed for a fragment of DNA chain in the A-DNA form. Crystals of the d(GGTATACC) oligonucleotide were investigated by X-ray crystallography from ambient pressure to 2 GPa [72] . Four structures of the A-DNA form (at ambient pressure, 0.55, 1.09 and 1.39 GPa) were refined at 1.60 or 1.65 Å resolution in P6 1 space group. These studies revealed that d(GGTATACC) in the crystalline state can withstand very high pressure, up to 1.9 GPa. The refined structures showed that the geometry of the base pair is well preserved under compression, at least up to 1.39 GPa. This remarkable adaptation of d(GGTATACC) to high pressure is associated with the base-paired double-helix topology of the oligonucleotide molecule.
High pressure crycooling
Crystallographers have developed methods for cooling protein crystals in high pressure helium gas without cryoprotectants [73, 74] . The method involves mounting protein crystals on cryoloops in a droplet of oil, pressurizing each crystal to 100-200 MPa in helium gas, cooling the crystal under pressure and then releasing the pressure. The crystal is then removed from the apparatus under liquid nitrogen and handled thereafter like a normal cryocooled crystal. After pressure release the protein molecules composing the crystal retain changes introduced by the pressurization, as long as the crystal's temperature remains low [75] .
Cryocooling was used by Barstow and coworkers [76] on crystals of Yellow Fluorescent Protein (YFP) Aequorea citrine, an intrinsically fluorescent and extremely bright protein. In total, 26 structures at pressures 50 to 500 MPa were quenched at a low temperature and refined with resolution limits ranging from 1.5 Å to 2.46 Å. Small deformation of citrine's chromophore observed in high pressure structures induced shifts of the fluorescent peak from yellow to green. These results showed that even minute (sub angstrom) structural changes produced by pressure had an important effect on the YFP function and light transduction.
Low-pressure gas binding to proteins
Preparation of heavy atom derivatives by pressurization with noble gases has become a relatively routine methodology in macromolecular crystallography. Modified protein crystals can be produced by pressurizing native crystals with noble gas to pressures typically in the range of 0.5-5 MPa. The noble gases are inert and do not react with the polypeptide chain or chemically modify the protein, crystal lattice or surrounding solvent. One of the most commonly used gases in isomorphous replacement is xenon. Many protein structures have been solved using pressurized nobel gas derivatives including: annexin V and ureate oxidase [77] , lysozyme [78] , porcine elastase [78] and nitrophorin 4 [79] . Krypton was used for anomalous dispersion experiments for lysozyme [78] and porcine elastase [80] . Since 30 -50% of all proteins are expected to have binding sites for noble gas such as krypton and xenon, this method is commonly used in macromolecular crystallography.
Future of high-pressure macromolecular crystallography
HPMX can be applied in research that requires accurate structural parameters. The remarkable adaptation of macromolecular crystals to high pressure perturbation can be exploited for the investigation of all aspects of pressure's influence on stability of macromolecules, including conformational changes, dissociation, folding, unfolding and denaturation. The field of HPMX is now reaching towards its potential to becoming an integral part of biological science. The main prospective applications of HPMX are:
(1) studies of the pressure-induced denaturation state in a crystalline state (2) studies of the high-energy conformers of proteins, (3) investigation of interactions between molecules (4) studies of the structural principles of organization of oligomeric proteins (5) pressure induced disorder-order transition in the crystalline state (6) structure-based prediction of various thermodynamic parameters (7) studies of the mechanisms of enzymatic reactions (8) studies of proteins from piezophiles
Conclusion
It is well known that high pressure applications have a widespread range of scientific importance, including food science, biochemistry, medicine, biotechnology, structural and molecular biology. In particular, the ability to obtain accurate structural information under high pressure opens a wealth of possibilities; the exploration of substates, the study of interactions between molecules and between subunits, and the detection of pressure-induced denaturation. Furthermore, high pressure might become a standard tool to improve order in macromolecular crystals, either by favoring more ordered packing or by restricting amplitudes of atomic motions in regions that are disordered at atmospheric pressure. An important conclusion that can be drawn from the results of HPMX is that further investigations in this promising area will undoubtedly benefit crystallographic experimental techniques and allow scientists to apply it to solve more complex biological problems.
